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The T2K Experiment 

•  Neutrino Beam from j-parc 
–  Beam power 50 – 190 kW 

•  Detector 280m from target 
–  Run 1&2 analysed (2010/11) 
–  1.43x1020 p.o.t. (this analysis) / 3.01x1020 p.o.t. (now)  
–  5% of expected total 
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Producing Neutrinos 
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NA61/SHINE 

•  hadron(π, K) yield  
–  30 GeV p + C 

•  High-acceptance  
–  ToFs and spectrometers 

•  2cm thin target (4%λI) 
•  π+ analysis: 

–  dE/dx only analysis  
low momenta  
(Phys.Rev.C84.2011.034604) 

–  dE/dx+ToF analysis 
high momenta 
(Phys.Rev.C85.2011.035210) 
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Predicted Flux 

• νμ fluxes in analysis region 
dominated by pion decays 
–  Kaons important in tail 

• νe flux in analysis region 
dominated by muons 
–  From decay chain 
–  Primary pions modelled with NA61 

data 
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ND280 detector 

•  0.2 T magnet (recycled from UA1) 
•  Plastic scintillator detectors: 

–  Fine Grained Detector (FGD) 
•  1.6 ton fiducial mass for analysis 

–  π0 detector (P0D) 
–  ECals and SMRD 

•  Time projection chambers (TPC) 
–  <10% dE/dx resolution 
–  10% momentum res. at 1GeV/c 

•  Analysis use νμ-CC event rate in 
FGD1 
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Charge Current (CC) interaction

2.8 Deep Inelastic Scattering (DIS)1

Deep inelastic scattering are processes that start appearing at high neutrino energy and are well known at2

high Q2 > 2 Gev2. This scattering can be described by3

⇥l +A ⇥ l� +X (2.83)

⇥l +A ⇥ ⇥l +X (2.84)

where A is the nucleus and X a number of particle bigger than a single pion, where the Feynman diagram4

is shown in Fig. 2.9.
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Fig. 1. The main types of charged current muon neutrino scattering on a free nu-
cleon/nucleus that produce pions directly. From top left to bottom right are: Deep
Inelastic Scattering (DIS), Coherent pion production, and Resonance production
(RES). In the figure N is a nucleon, A is a nucleus and X represents the hadronic
system excluding pions.

So far we have listed cross-section models which describe the scattering of
neutrinos o� free nucleons4. It is necessary to take into account the fact that
these nucleons are not free but rather exist as bound states within a nuclear
environment. The common approach within MC generators is to use the
Relativistic Fermi gas (RFG) model where the Fermi motion of individual
nucleons is taken into account. However, its implementation often di�ers
for di�erent neutrino generators. In several papers [19] the importance of
considering Pauli blocking and FSI e�ects for �e + 16O � eX reactions
(also applying to �µ16O) are shown. Also, it is shown by O. Benhar et al.
that the RFG model does not agree well with experimental data. A better
description is o�ered through the use of spectral functions [20], as measured
in electron scattering experiments.

It is also necessary to describe hadronization, as well as the propaga-
tion of secondary particles out of the nucleus. The simulation must cover
a description of both rescattering and absorption e�ects. A report on the
modeling of final state interactions and the use of intranuclear cascade mod-
els was presented at the school [21]. These are often individual features of
a generator and are described in the next section.

4 With the notable exception of coherent pion production, which by its very nature is
describing scattering o� the whole nucleus.

Figure 2.9: Feynman diagram of a deep inelastic scattering [64]
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The di⇥erential cross-section of the processus ⇥ +A ⇥ l� +X is given in its general form by Eq. 2.22,6
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where MN is the mass of the nucleon and the Wi are the hadronic structure functions. In the limit of8

high Q2, they represent the parton distribution functions. This can be shown by changing to the Bjorken9

kinematical variables in the laboratory frame,10
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where Ml is the mass of the lepton and E⇤ is the energy of the incoming neutrino.14
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cleon/nucleus that produce pions directly. From top left to bottom right are: Deep
Inelastic Scattering (DIS), Coherent pion production, and Resonance production
(RES). In the figure N is a nucleon, A is a nucleus and X represents the hadronic
system excluding pions.

So far we have listed cross-section models which describe the scattering of
neutrinos o� free nucleons4. It is necessary to take into account the fact that
these nucleons are not free but rather exist as bound states within a nuclear
environment. The common approach within MC generators is to use the
Relativistic Fermi gas (RFG) model where the Fermi motion of individual
nucleons is taken into account. However, its implementation often di�ers
for di�erent neutrino generators. In several papers [19] the importance of
considering Pauli blocking and FSI e�ects for �e + 16O � eX reactions
(also applying to �µ16O) are shown. Also, it is shown by O. Benhar et al.
that the RFG model does not agree well with experimental data. A better
description is o�ered through the use of spectral functions [20], as measured
in electron scattering experiments.
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els was presented at the school [21]. These are often individual features of
a generator and are described in the next section.
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describing scattering o� the whole nucleus.

Figure 2.9: Feynman diagram of a deep inelastic scattering [64]

5

The di⇥erential cross-section of the processus ⇥ +A ⇥ l� +X is given in its general form by Eq. 2.22,6

d2⌅

d�d�⇥
=

G2
F

4⇤2

|⇧k⇥|
|⇧k|

Lµ⇤W
µ⇤ (2.85)

where �⇥ is the energy of the outgoing lepton, Wµ⇤ can be expressed in its most general way as7

Wµ⇤ = W1(�gµ⇤ +
qµ⇤

q2
) +

W2

M2
N

(pµ � p · q
q2

qµ)(p⇤ � p · q
q2

q⇤)�W3
i�µ⇤�⇥

2M2
N

p�p⇥ (2.86)

where MN is the mass of the nucleon and the Wi are the hadronic structure functions. In the limit of8

high Q2, they represent the parton distribution functions. This can be shown by changing to the Bjorken9

kinematical variables in the laboratory frame,10

⇥ =
p · q
MN

, Q2 = �(k � k⇥)2 ⇤ x =
Q2

2MN (E⇤ � �⇥)
, y =

(E⇤ � �⇥)

E⇤
(2.87)

For high Q2, we then have,11

MNW1(Q
2, ⇥) ⇥ F1(x) (2.88)

⇥W2(Q
2, ⇥) ⇥ F2(x) (2.89)

⇥W3(Q
2, ⇥) ⇥ F3(x) (2.90)

where F1, F2 and xF3, are the parton distribution function.12

Using the relation of Callan-Gross, 2xF1 = F2, we obtain13

d2⌅

dxdy
=

G2
FMNE⇤

⇤

⇤
(1� y +

1

2
y2 + C1)F2(x, q

2)± y(1� y +
1

2
y2 + C2)xF3(x, q

2)

⌅
(2.91)

C1 =
1

2E⇤

�
yM2

l

2MNx
� xyMN �

M2
l

2E⇤
�

M2
l

2MNx

⇥
(2.92)

C2 = �
M2

l

4MNE⇤x
, (2.93)

where Ml is the mass of the lepton and E⇤ is the energy of the incoming neutrino.14

37

2.8 Deep Inelastic Scattering (DIS)1

Deep inelastic scattering are processes that start appearing at high neutrino energy and are well known at2

high Q2 > 2 Gev2. This scattering can be described by3

⇥l +A ⇥ l� +X (2.83)

⇥l +A ⇥ ⇥l +X (2.84)

where A is the nucleus and X a number of particle bigger than a single pion, where the Feynman diagram4

is shown in Fig. 2.9.

2522 M. Antonello et al.

Fig. 1. The main types of charged current muon neutrino scattering on a free nu-
cleon/nucleus that produce pions directly. From top left to bottom right are: Deep
Inelastic Scattering (DIS), Coherent pion production, and Resonance production
(RES). In the figure N is a nucleon, A is a nucleus and X represents the hadronic
system excluding pions.

So far we have listed cross-section models which describe the scattering of
neutrinos o� free nucleons4. It is necessary to take into account the fact that
these nucleons are not free but rather exist as bound states within a nuclear
environment. The common approach within MC generators is to use the
Relativistic Fermi gas (RFG) model where the Fermi motion of individual
nucleons is taken into account. However, its implementation often di�ers
for di�erent neutrino generators. In several papers [19] the importance of
considering Pauli blocking and FSI e�ects for �e + 16O � eX reactions
(also applying to �µ16O) are shown. Also, it is shown by O. Benhar et al.
that the RFG model does not agree well with experimental data. A better
description is o�ered through the use of spectral functions [20], as measured
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tion of secondary particles out of the nucleus. The simulation must cover
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2.8 Deep Inelastic Scattering (DIS)1

Deep inelastic scattering are processes that start appearing at high neutrino energy and are well known at2

high Q2 > 2 Gev2. This scattering can be described by3

⇥l +A ⇥ l� +X (2.83)

⇥l +A ⇥ ⇥l +X (2.84)

where A is the nucleus and X a number of particle bigger than a single pion, where the Feynman diagram4

is shown in Fig. 2.9.
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Fig. 1. The main types of charged current muon neutrino scattering on a free nu-
cleon/nucleus that produce pions directly. From top left to bottom right are: Deep
Inelastic Scattering (DIS), Coherent pion production, and Resonance production
(RES). In the figure N is a nucleon, A is a nucleus and X represents the hadronic
system excluding pions.

So far we have listed cross-section models which describe the scattering of
neutrinos o� free nucleons4. It is necessary to take into account the fact that
these nucleons are not free but rather exist as bound states within a nuclear
environment. The common approach within MC generators is to use the
Relativistic Fermi gas (RFG) model where the Fermi motion of individual
nucleons is taken into account. However, its implementation often di�ers
for di�erent neutrino generators. In several papers [19] the importance of
considering Pauli blocking and FSI e�ects for �e + 16O � eX reactions
(also applying to �µ16O) are shown. Also, it is shown by O. Benhar et al.
that the RFG model does not agree well with experimental data. A better
description is o�ered through the use of spectral functions [20], as measured
in electron scattering experiments.

It is also necessary to describe hadronization, as well as the propaga-
tion of secondary particles out of the nucleus. The simulation must cover
a description of both rescattering and absorption e�ects. A report on the
modeling of final state interactions and the use of intranuclear cascade mod-
els was presented at the school [21]. These are often individual features of
a generator and are described in the next section.

4 With the notable exception of coherent pion production, which by its very nature is
describing scattering o� the whole nucleus.

Figure 2.9: Feynman diagram of a deep inelastic scattering [64]
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CC-nonQE (CCnQE)

2.8 Deep Inelastic Scattering (DIS)1

Deep inelastic scattering are processes that start appearing at high neutrino energy and are well known at2

high Q2 > 2 Gev2. This scattering can be described by3

⇥l +A ⇥ l� +X (2.83)

⇥l +A ⇥ ⇥l +X (2.84)

where A is the nucleus and X a number of particle bigger than a single pion, where the Feynman diagram4

is shown in Fig. 2.9.
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Fig. 1. The main types of charged current muon neutrino scattering on a free nu-
cleon/nucleus that produce pions directly. From top left to bottom right are: Deep
Inelastic Scattering (DIS), Coherent pion production, and Resonance production
(RES). In the figure N is a nucleon, A is a nucleus and X represents the hadronic
system excluding pions.

So far we have listed cross-section models which describe the scattering of
neutrinos o� free nucleons4. It is necessary to take into account the fact that
these nucleons are not free but rather exist as bound states within a nuclear
environment. The common approach within MC generators is to use the
Relativistic Fermi gas (RFG) model where the Fermi motion of individual
nucleons is taken into account. However, its implementation often di�ers
for di�erent neutrino generators. In several papers [19] the importance of
considering Pauli blocking and FSI e�ects for �e + 16O � eX reactions
(also applying to �µ16O) are shown. Also, it is shown by O. Benhar et al.
that the RFG model does not agree well with experimental data. A better
description is o�ered through the use of spectral functions [20], as measured
in electron scattering experiments.

It is also necessary to describe hadronization, as well as the propaga-
tion of secondary particles out of the nucleus. The simulation must cover
a description of both rescattering and absorption e�ects. A report on the
modeling of final state interactions and the use of intranuclear cascade mod-
els was presented at the school [21]. These are often individual features of
a generator and are described in the next section.

4 With the notable exception of coherent pion production, which by its very nature is
describing scattering o� the whole nucleus.

Figure 2.9: Feynman diagram of a deep inelastic scattering [64]
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where MN is the mass of the nucleon and the Wi are the hadronic structure functions. In the limit of8

high Q2, they represent the parton distribution functions. This can be shown by changing to the Bjorken9
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For high Q2, we then have,11
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Using the relation of Callan-Gross, 2xF1 = F2, we obtain13
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Fig. 1. The main types of charged current muon neutrino scattering on a free nu-
cleon/nucleus that produce pions directly. From top left to bottom right are: Deep
Inelastic Scattering (DIS), Coherent pion production, and Resonance production
(RES). In the figure N is a nucleon, A is a nucleus and X represents the hadronic
system excluding pions.

So far we have listed cross-section models which describe the scattering of
neutrinos o� free nucleons4. It is necessary to take into account the fact that
these nucleons are not free but rather exist as bound states within a nuclear
environment. The common approach within MC generators is to use the
Relativistic Fermi gas (RFG) model where the Fermi motion of individual
nucleons is taken into account. However, its implementation often di�ers
for di�erent neutrino generators. In several papers [19] the importance of
considering Pauli blocking and FSI e�ects for �e + 16O � eX reactions
(also applying to �µ16O) are shown. Also, it is shown by O. Benhar et al.
that the RFG model does not agree well with experimental data. A better
description is o�ered through the use of spectral functions [20], as measured
in electron scattering experiments.

It is also necessary to describe hadronization, as well as the propaga-
tion of secondary particles out of the nucleus. The simulation must cover
a description of both rescattering and absorption e�ects. A report on the
modeling of final state interactions and the use of intranuclear cascade mod-
els was presented at the school [21]. These are often individual features of
a generator and are described in the next section.

4 With the notable exception of coherent pion production, which by its very nature is
describing scattering o� the whole nucleus.

Figure 2.8: Feynman diagram of a single nucleon resonance [57]

where J� is the hadronic current operator containing a vector and an axial vector part.

To simplify, we consider only charged current interactions. The expression for neutral current
can be obtained with the transformation l̄ ⇥ ⌅̄ and GF cos ⇤C ⇥ GF .

The cross section for a single resonance with mass MN� and negligible width is given by,

d2⌃

dQ2dEq
=

1

32MNE2

1

2

�

spins

|M|2�(W 2 �M2
N�) (2.48)

where MN is the nucleon mass and W the observed resonance mass. In the case of non-negligible
width, the delta function is replaced by a Breit-Wigner factor,

�(W �MN ) ⇥ 1

2⇧

�

(W �MN�)2 + �2/4
(2.49)

where � is the decay width of N⇥, and Eq is the energy of the virtual W± or Z0. In practice
always several nearby resonances will overlap and even non-resonant background amplitude of
various quantum numbers may interfere to produce the measurable final state. This is what
Rein-Sehgal model tries to include. In this model, 14 reactions are considered in which the final
hadronic state is selected to consist of a nucleon accompanied by a single pion. Six are mediated
by charged current, and eight by neutral current (see [58]).

The model is based on the Feynman, Kislinger and Ravndal (FKR) approach [59], which was
developed to describe photoelectric meson production. The FKR model is an example of a
relativistic quark oscillator mode.

Since Rein and Sehgal’s model provide the amplitudes of neutrino resonance production, it is
possible to calculate the cross sections of single photon, K and ⇥ productions. In this case, we
only need to change the decay probabilities of the resonances.

2.7 Neutrino-nuclei scattering

In order to obtain the cross section o⇥ nucleons in the nucleus, it is necessary to take into account
the nuclear medium e⇥ects when dealing with relatively low q2 as it is the case for quasi-elastic
and single pion production through resonant processes [60]. In this section we consider the
following processes:

⌅l +A ⇥ l� +A⇤ (2.50)
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2.8 Coherent pion production

In coherent production the neutrino scatters from the entire nucleus. These interactions charac-
terized by a very low energy of the recoiling nucleus and a very low Q2. Therefore the nucleus
does not break up. Coherent production of pions by neutrinos can occur in both neutral current
interactions and charged current interactions,

� +A ⇤ � + ⇥0 +A (2.74)

� +A ⇤ l + ⇥+ +A (2.75)

where A the target nucleus is unchanged.

Fig. 2.11 shows the Feynman diagram for a coherent pion production.
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Fig. 1. The main types of charged current muon neutrino scattering on a free nu-
cleon/nucleus that produce pions directly. From top left to bottom right are: Deep
Inelastic Scattering (DIS), Coherent pion production, and Resonance production
(RES). In the figure N is a nucleon, A is a nucleus and X represents the hadronic
system excluding pions.

So far we have listed cross-section models which describe the scattering of
neutrinos o� free nucleons4. It is necessary to take into account the fact that
these nucleons are not free but rather exist as bound states within a nuclear
environment. The common approach within MC generators is to use the
Relativistic Fermi gas (RFG) model where the Fermi motion of individual
nucleons is taken into account. However, its implementation often di�ers
for di�erent neutrino generators. In several papers [19] the importance of
considering Pauli blocking and FSI e�ects for �e + 16O � eX reactions
(also applying to �µ16O) are shown. Also, it is shown by O. Benhar et al.
that the RFG model does not agree well with experimental data. A better
description is o�ered through the use of spectral functions [20], as measured
in electron scattering experiments.

It is also necessary to describe hadronization, as well as the propaga-
tion of secondary particles out of the nucleus. The simulation must cover
a description of both rescattering and absorption e�ects. A report on the
modeling of final state interactions and the use of intranuclear cascade mod-
els was presented at the school [21]. These are often individual features of
a generator and are described in the next section.

4 With the notable exception of coherent pion production, which by its very nature is
describing scattering o� the whole nucleus.

Figure 2.11: Feynman diagram of a coherent pion production [57]

The coherent ⇥0 cross section used in the model of Rein-Sehgal is based on the Adler’s PCAC
formula (Partially Conserved Axial-vector Current)[69]. In particular PCAC states that the
hadronic axial current Ja

µ5 must satisfy the following continuity equation [70]

⌅µJa
µ5 = �f⇥m

2
⇥�

a (2.76)

where �a is the pion field operator, f⇥(= 0.93m⇥) is the pion decay constant and m⇥ is the
pion mass. It establishes a connection between perturbative and non-perturbative processes and
shows the e⇥ect of non-perturbative dynamics on would-be-perturbative observables [71].

In the forward-scattering configuration, for any inelastic neutral current reaction �+N ⇤ �+X
, where X denotes an inelastic channel, the cross section is

⇥
d⇤

dxdy

⇤

PCAC

=
G2MNE�

2⇥2
(1� y)f2

⇥ ⇥ ⇤(⇥0N ⇤ X)

����
E�=Ey

(2.77)

where the muon mass is neglected and the cross section is given in terms of the Bjorken kine-
matical variables,

� =
p · q
MN

, Q2 = �(k � k�)2 ⌅ x =
Q2

2MN�
, y =

�

E�
(2.78)
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2.9 Deep Inelastic Scattering (DIS)

Deep inelastic scattering are processes that start appearing at high neutrino energy and are well
known at high Q2 > 2 GeV2. This scattering can be described by

⇥l +A ⇥ l� +X (2.85)

⇥l +A ⇥ ⇥l +X (2.86)

where A is the nucleus and X a number of particle bigger than a single pion, where the Feynman
diagram is shown in Fig. 2.12.
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Fig. 1. The main types of charged current muon neutrino scattering on a free nu-
cleon/nucleus that produce pions directly. From top left to bottom right are: Deep
Inelastic Scattering (DIS), Coherent pion production, and Resonance production
(RES). In the figure N is a nucleon, A is a nucleus and X represents the hadronic
system excluding pions.

So far we have listed cross-section models which describe the scattering of
neutrinos o� free nucleons4. It is necessary to take into account the fact that
these nucleons are not free but rather exist as bound states within a nuclear
environment. The common approach within MC generators is to use the
Relativistic Fermi gas (RFG) model where the Fermi motion of individual
nucleons is taken into account. However, its implementation often di�ers
for di�erent neutrino generators. In several papers [19] the importance of
considering Pauli blocking and FSI e�ects for �e + 16O � eX reactions
(also applying to �µ16O) are shown. Also, it is shown by O. Benhar et al.
that the RFG model does not agree well with experimental data. A better
description is o�ered through the use of spectral functions [20], as measured
in electron scattering experiments.

It is also necessary to describe hadronization, as well as the propaga-
tion of secondary particles out of the nucleus. The simulation must cover
a description of both rescattering and absorption e�ects. A report on the
modeling of final state interactions and the use of intranuclear cascade mod-
els was presented at the school [21]. These are often individual features of
a generator and are described in the next section.

4 With the notable exception of coherent pion production, which by its very nature is
describing scattering o� the whole nucleus.

Figure 2.12: Feynman diagram of a deep inelastic scattering [57]

The di⇥erential cross section of the process ⇥ + A ⇥ l� + X is given in its general form by
Eq. 2.23,

d2⌅

d�d�⇥
=

G2
F

4⇤2

|⇧k⇥|
|⇧k|

Lµ⇤W
µ⇤ (2.87)

where �⇥ is the energy of the outgoing lepton, Wµ⇤ can be expressed in its most general way as

Wµ⇤ = W1(�gµ⇤ +
qµ⇤

q2
) +

W2

M2
N

(pµ � p · q
q2

qµ)(p⇤ � p · q
q2

q⇤)�W3
i�µ⇤�⇥

2M2
N

p�p⇥ (2.88)

where MN is the mass of the nucleon and the Wi are the hadronic structure functions. In
the limit of high Q2, they represent the parton distribution functions. This can be shown by
changing to the Bjorken kinematical variables in the laboratory frame,

⇥ =
p · q
MN

, Q2 = �(k � k⇥)2 ⇤ x =
Q2

2MN (E⇤ � �⇥)
, y =

(E⇤ � �⇥)

E⇤
(2.89)

For high Q2, we then have,

MNW1(Q
2, ⇥) ⇥ F1(x) (2.90)

⇥W2(Q
2, ⇥) ⇥ F2(x) (2.91)

⇥W3(Q
2, ⇥) ⇥ F3(x) (2.92)

where F1, F2 and xF3, are the parton distribution function.
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CC Event Selection 

• Good data quality 
• At least one negative track in TPC 
•  Track starts in fiducial volume of FGD 
• dE/dx compatible with muon 
• No significant activity upstream of FV 
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Efficiency = 50% 
 

Purity       = 88% 



Selection Efficiency 

• Simple selection 
•  Little reconstruction efficiency for backward or high 

angle tracks 
•  Largely independent of signal composition 
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Figure 5.17: True Muon momentum and angle distribution by using the tuned flux 11b, applying
magnetic field corrections. The distribution is normalized to the data POT.
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Figure 5.18: E�ciency as a function of the true muon kinematics.
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Figure 5.19: E�ciency as a function of the true muon angle (left) and muon momentum (right).

only for the forward direction, as we have a very low sensitivity in the backward phase space.

109

low eff. 
Mis-reco. 



Cross Section Formalism 

•  Flux averaged differential Cross Section 

• Complications 
–  True energy and momentum are unknown 
–  Background in sample 

• Solution  
–  Subtract background 
–  “unfold” limited resolution in momentum and angle 
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# of  interactions
in true bin

flux# of target 
nucleons

With a binning small enough, the di⇥erential cross-section averaged is then given by,

⇥⇧⇥
⇧b

⇤k =
N int

k

T⇤�bk
(9)

where �bk is the bin width, and ⇥ � ⇥⇥⇤⇤. Following the same principle we get for the 2-dimensional case:

⇥ ⇧2⇥

⇧b1⇧b2
⇤kl =

N int
kl

T⇤�b1,k�b2,l
(10)

⇥ ⇧2⇥

⇧pµ⇧ cos �µ
⇤kl =

N int
kl

T⇤�pµ,k� cos �µ,l
(11)

The cross-section per nucleon for the true bin k and l ⇥k,l is then given by,

⇥kl =
N int

kl

T⇤
(12)

In the case of a perfect detector response, the number N int
k would represent directly the number of events

that we find in a certain reconstructed bin k. However, in practice, this is not the case and it often happens
that events generated in a true bin k end in a di⇥erent reconstructed bin j. Suppose that we have N int

k
events generated in the true bin k and the number of reconstructed events in bin j, N 0

j , is linearly related
to Nk,

N 0
j = AjkNk (13)

The inverse transformation

Nk = A�1
jk N

0
j (14)

that expresses back the number of true events, Nk, in true bin k as a function of the number of reconstructed
events, Nj , in di⇥erent reconstructed bin j, is called unfolding.

An unfolding procedure requires theoretically the inversion of the matrix A. However this method can lead
to statistical fluctuations that are not desirable. In addition, the inverse does not always exist (e.g when
its determinant is null or all its entries are equal). Due to e⇧ciency e⇥ects the matrix A might not be
invertible at all. To avoid this issue, we will use the Bayesian iterative method (based on Bayes’ theorem)
and described by d’Agostini [2].

3 Binning

The binning over initial and final states variables has been set for all the analyses of the T2K near detector
and decided in the scope of the oscillation analysis.

In this analysis, we consider a binning over the final state variables (pµ, cos �µ), as well as a binning over the
initial state variable E⇥ (the true neutrino energy) for a given interaction mode (e.g CCQE, CCRES, etc
...). While the binning over the initial state variables will be use only for systematic propagation, or fake
data studies, the binning over the final state variables will be also used to give the final results, as in Eq. 9.

The (pµ, cos �µ) bins were optimized to provide the best CC inclusive measurement with the amount of
statistics in the data set. Future analyses with larger data sets will use finer binning. For the present
analysis, however, the bins were chosen with several criteria in mind [3]:
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Systematic Uncertainties 
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Differential Cross Section 
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Figure 8.6: Di�erential cross section results with systematic and statistical error bars together. The
di�erential cross section is given in cm2/nucleon/MeV. Each graph corresponds to a bin angle. Each
color represents a systematic error source, T: number of Target uncertainty, FSI: Final State Interac-
tion uncertainty, det.: detector response uncertainty, x-s: cross section modeling uncertainty, �: flux
uncertainty, algo: algorithm uncertainty, stat: statistical error.
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Figure 8.7: Di�erential cross section for the backward-going muon extrapolation with systematic and
statistical error bars together. The di�erential cross section is given in cm2/nucleon/MeV. The label
definition for each color are the same than Fig. 8.6. Left: The NEUT MC is used to unfold the data
and is compared to the truth of GENIE and MC. Right: The data is unfolded with NEUT and GENIE.
The errors bar for GENIE only includes statistical errors while the systematic errors are included in
the result when unfolding with NEUT.
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Figure 8.6: Di�erential cross section results with systematic and statistical error bars together. The
di�erential cross section is given in cm2/nucleon/MeV. Each graph corresponds to a bin angle. Each
color represents a systematic error source, T: number of Target uncertainty, FSI: Final State Interac-
tion uncertainty, det.: detector response uncertainty, x-s: cross section modeling uncertainty, �: flux
uncertainty, algo: algorithm uncertainty, stat: statistical error.
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Figure 8.7: Di�erential cross section for the backward-going muon extrapolation with systematic and
statistical error bars together. The di�erential cross section is given in cm2/nucleon/MeV. The label
definition for each color are the same than Fig. 8.6. Left: The NEUT MC is used to unfold the data
and is compared to the truth of GENIE and MC. Right: The data is unfolded with NEUT and GENIE.
The errors bar for GENIE only includes statistical errors while the systematic errors are included in
the result when unfolding with NEUT.
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Total Cross Section 
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Table 19: Di�erential cross-section result, with its statistical and systematic error. The systematic error
on the number of target nucleons is taken into account inside the total systematic error listed here.

Pµ (GeV/c) cos �µ ⇤ ⌅2⇥
⌅pµ⌅ cos �µ

⌅ cm2

nuclei MeV ⇤ ⌅2⇥
⌅pµ⌅ cos �µ

⌅ cm2

nucleon MeV stat. error (%) syst. error (%)

[0.0, 0.4] [�1, 0] 2.919 ⇥ 10�41 2.412 ⇥ 10�42 2.86 19.77
[0, 0.84] 4.784 ⇥ 10�41 3.955 ⇥ 10�42 5.03 14.48
[0.84, 0.9] 3.895 ⇥ 10�41 3.220 ⇥ 10�42 9.37 16.97
[0.9, 0.94] 3.505 ⇥ 10�41 2.897 ⇥ 10�42 11.82 18.13
[0.94, 1] 3.530 ⇥ 10�41 2.918 ⇥ 10�42 13.78 18.60

[0.4, 0.5] [�1, 0] 0.691 ⇥ 10�41 0.571 ⇥ 10�42 3.52 49.64
[0, 0.84] 9.315 ⇥ 10�41 7.700 ⇥ 10�42 4.27 12.82
[0.84, 0.9] 13.050 ⇥ 10�41 10.787 ⇥ 10�42 8.55 12.50
[0.9, 0.94] 11.594 ⇥ 10�41 9.584 ⇥ 10�42 9.97 12.81
[0.94, 1] 7.425 ⇥ 10�41 6.137 ⇥ 10�42 11.42 14.72

[0.5, 0.7] [�1, 0] 0.055 ⇥ 10�41 0.045 ⇥ 10�42 30.30 49.25
[0, 0.84] 5.152 ⇥ 10�41 4.258 ⇥ 10�42 3.86 11.82
[0.84, 0.9] 14.624 ⇥ 10�41 12.088 ⇥ 10�42 6.18 11.40
[0.9, 0.94] 12.936 ⇥ 10�41 10.693 ⇥ 10�42 7.18 12.46
[0.94, 1] 10.816 ⇥ 10�41 8.940 ⇥ 10�42 7.67 14.91

[0.7, 0.9] [�1, 0] 0.004 ⇥ 10�41 0.003 ⇥ 10�42 28.89 102.77
[0, 0.84] 1.675 ⇥ 10�41 1.385 ⇥ 10�42 5.23 11.80
[0.84, 0.9] 8.206 ⇥ 10�41 6.783 ⇥ 10�42 6.85 12.44
[0.9, 0.94] 8.812 ⇥ 10�41 7.284 ⇥ 10�42 7.57 15.15
[0.94, 1] 9.201 ⇥ 10�41 7.606 ⇥ 10�42 6.90 19.12

[0.9, 30.0] [�1, 0] - - - -
[0, 0.84] 0.013 ⇥ 10�41 0.011 ⇥ 10�42 5.88 12.96
[0.84, 0.9] 0.154 ⇥ 10�41 0.127 ⇥ 10�42 6.05 11.59
[0.9, 0.94] 0.280 ⇥ 10�41 0.231 ⇥ 10�42 5.33 11.33
[0.94, 1] 0.912 ⇥ 10�41 0.754 ⇥ 10�42 2.97 11.18

that we trust our model to simulate correctly the backward region. As the systematic error calculations,1

have been done by comparing other experiments that have the full phase space, we are confident that the2

systematic error on these bins are correct.3

We obtain,4

⇤⇥CC⌅⇤ = (8.38± 0.16(stat)± 1.03(syst))⇥ 10�38 cm2

av. nuclei
(74)

⇤⇥CC⌅⇤ = (6.93± 0.13(stat)± 0.85(syst))⇥ 10�39 cm2

nucleons
(75)
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Figure 26: Di�erential cross-section results with systematic and statistical error bars together. The di�er-
ential cross-section is given in cm2/nucleon/MeV. Each graph corresponds to a bin angle.

⌅�NEUT
CC ⇧� = 8.78� 10�38 cm2

av. nuclei
⌅�NEUT

CC ⇧� = 7.26� 10�39 cm2

nucleons
(76)

⌅�GENIE
CC ⇧� = 8.09� 10�38 cm2

av. nuclei
⌅�GENIE

CC ⇧� = 6.68� 10�39 cm2

nucleons
(77)

From this result, we observe that data agrees better with GENIE than with NEUT. This might suggest that1

prediction with MA ⇥ 1 are more accurate than prediction for MA > 1. Since the result agree with both2

generators, inside the error bars, no real conclusion can be made on that subject. It can be shown that3

previous flux were underestimating the MC, allowing better agreement with NEUT than with GENIE. The4

application of the tuned flux 11bv3.1, increases the flux in general along the phase space. Because of the5

big flux uncertainty, that we still have, a better agreement with one of the MC cannot show any conclusion6

in the intrinsic modeling of the generator.7

To compare with other experiment, it can be useful to calculate the mean energy of our flux, that is 0.858

GeV. Fig. 29 shows the T2K total cross-section result together with the other experiments. We see that the9

NEUT prediction, in green, for the T2K experiment corresponds to the NEUT prediction for the SciBooNE10

experiment. The good agreement between the two predictions gives us confidence that no major mistake11

has been made computing the result. However, it does not shelter us from any mistake. The horizontal bar12

for the T2K point has been calculated by first finding Emin and Emax corresponding to 68 % of the total13

flux with an energy bigger/smaller than the mean energy,14

� Emax

0.85
⇥�(E)
⇥E dE

�⇥
0.85

⇥�(E)
⇥E dE

= 68% ⇤ Emax = 1.4 GeV (78)
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Summary & Conclusion 

•  T2K has presented its first cross section measurement 
–  CC Inclusive 

–  Systematically limited 

• Significant improvements are possible 
–  Reduced flux systematics 
–  Increased acceptance 
–  Larger data set 
–  Exclusive channels & model studies  
–  Using water target 
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Table 19: Di�erential cross-section result, with its statistical and systematic error. The systematic error
on the number of target nucleons is taken into account inside the total systematic error listed here.

Pµ (GeV/c) cos �µ ⇤ ⌅2⇥
⌅pµ⌅ cos �µ

⌅ cm2

nuclei MeV ⇤ ⌅2⇥
⌅pµ⌅ cos �µ

⌅ cm2

nucleon MeV stat. error (%) syst. error (%)

[0.0, 0.4] [�1, 0] 2.919 ⇥ 10�41 2.412 ⇥ 10�42 2.86 19.77
[0, 0.84] 4.784 ⇥ 10�41 3.955 ⇥ 10�42 5.03 14.48
[0.84, 0.9] 3.895 ⇥ 10�41 3.220 ⇥ 10�42 9.37 16.97
[0.9, 0.94] 3.505 ⇥ 10�41 2.897 ⇥ 10�42 11.82 18.13
[0.94, 1] 3.530 ⇥ 10�41 2.918 ⇥ 10�42 13.78 18.60

[0.4, 0.5] [�1, 0] 0.691 ⇥ 10�41 0.571 ⇥ 10�42 3.52 49.64
[0, 0.84] 9.315 ⇥ 10�41 7.700 ⇥ 10�42 4.27 12.82
[0.84, 0.9] 13.050 ⇥ 10�41 10.787 ⇥ 10�42 8.55 12.50
[0.9, 0.94] 11.594 ⇥ 10�41 9.584 ⇥ 10�42 9.97 12.81
[0.94, 1] 7.425 ⇥ 10�41 6.137 ⇥ 10�42 11.42 14.72

[0.5, 0.7] [�1, 0] 0.055 ⇥ 10�41 0.045 ⇥ 10�42 30.30 49.25
[0, 0.84] 5.152 ⇥ 10�41 4.258 ⇥ 10�42 3.86 11.82
[0.84, 0.9] 14.624 ⇥ 10�41 12.088 ⇥ 10�42 6.18 11.40
[0.9, 0.94] 12.936 ⇥ 10�41 10.693 ⇥ 10�42 7.18 12.46
[0.94, 1] 10.816 ⇥ 10�41 8.940 ⇥ 10�42 7.67 14.91

[0.7, 0.9] [�1, 0] 0.004 ⇥ 10�41 0.003 ⇥ 10�42 28.89 102.77
[0, 0.84] 1.675 ⇥ 10�41 1.385 ⇥ 10�42 5.23 11.80
[0.84, 0.9] 8.206 ⇥ 10�41 6.783 ⇥ 10�42 6.85 12.44
[0.9, 0.94] 8.812 ⇥ 10�41 7.284 ⇥ 10�42 7.57 15.15
[0.94, 1] 9.201 ⇥ 10�41 7.606 ⇥ 10�42 6.90 19.12

[0.9, 30.0] [�1, 0] - - - -
[0, 0.84] 0.013 ⇥ 10�41 0.011 ⇥ 10�42 5.88 12.96
[0.84, 0.9] 0.154 ⇥ 10�41 0.127 ⇥ 10�42 6.05 11.59
[0.9, 0.94] 0.280 ⇥ 10�41 0.231 ⇥ 10�42 5.33 11.33
[0.94, 1] 0.912 ⇥ 10�41 0.754 ⇥ 10�42 2.97 11.18

that we trust our model to simulate correctly the backward region. As the systematic error calculations,1

have been done by comparing other experiments that have the full phase space, we are confident that the2

systematic error on these bins are correct.3

We obtain,4

⇤⇥CC⌅⇤ = (8.38± 0.16(stat)± 1.03(syst))⇥ 10�38 cm2

av. nuclei
(74)

⇤⇥CC⌅⇤ = (6.93± 0.13(stat)± 0.85(syst))⇥ 10�39 cm2

nucleons
(75)
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Figure 8.8: Di�erential cross section results with systematic and statistical error bars together for the
NEUT MC. The error bars for the data unfolded with GENIE only represents the statistical error.
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Figure 8.8: Di�erential cross section results with systematic and statistical error bars together for the
NEUT MC. The error bars for the data unfolded with GENIE only represents the statistical error.
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Flux Systematics 
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Cross Section Systematics 
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Detector Systematics 
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